Abstract. The design of the isolated propeller duct for multi-rotor aircraft has been investigated by using numerical simulation. The paper is intended to discuss the influences of three factors, i.e., the profile of the duct, the angle of incidence in the duct's profile, and the spacing between the propeller tip and the duct's inner wall, on the static performance of the ducted propeller system. Simulation results show that the pull of one propeller in a duct system is smaller than that of an isolated propeller, but the overall pull of the system is greater than that of the isolated propeller. When the airfoil with a large lift-to-drag (L/D) ratio is adopted as the profile of the duct, and the duct's inner wall is set in the expansion type, the overall pull is substantially increased with the other conditions unchanged. If the airfoil with a large L/D ratio is adopted as the profile of the duct, and its designed angle of incidence is set at 0 degree, the ducted propeller system have the largest pull coefficient, and so on. By exploring the optimal design and pattern of the propeller duct, some propositions have been made in an attempt to improve the design method.
Introduction
In recent years, multi-rotor aircrafts have been developed rapidly and widely used in various military and civil fields. However, there are still a lot of challenges in their research and development. On the one hand, during the flight in densely populated areas, the exposed propellers that are rotating at high speeds can be a great potential risk. On the other hand, since the energy of small multirotor aircrafts is mostly supplied by lithium batteries, whose energy density is much; lower than that of aviation fuel or even gasoline, which seriously limits the flight time. Therefore, it is necessary to develop the optimal design of multi-rotor aircraft from various aspects, including motor efficiency, propeller aerodynamics, and duct configuration [1, 2] .
The design of duct added outside the rotors can be found in both tilt rotor aircrafts and helicopters in [3] and [4] . The high-velocity airflow passing through the core drags the low-velocity airflow passing through the bypass duct, resulting in an extra 40% thrust from [5] . Meanwhile, the shielding effect of the duct effectively reduces the aerodynamic noise. With the same power, configuring the duct reduces the size of propellers and improves safety in [6] and [7] .
Currently, for safety reasons, most multi-rotor aircrafts are configured with the so-called duct for shielding propellers but have not been optimized aerodynamically or structurally [8, 9] . To resolve this problem, in this paper, numerical simulation is used to conduct matching design of the duct for the isolated propeller, the influences of the profile of the duct, the angle of incidence in the duct's profile, and the spacing between the propeller tip and the duct's inner wall on the efficiency of the propeller system are discussed, so as to maximize the power efficiency of the propeller duct system.
Static Performance of Isolated Propeller

Geometric Parameters of Propeller Model
Propeller diameter: 278mm Airfoil: ARA-D 6% Figure 1 . Three-dimensional model of the propeller.
Numerical Method, Grid, and Boundary Conditions
Numerical simulation is used to perform steady simulation for the external flow of the isolated propeller. Based on the rotational symmetry of the flow field, the isolated propeller system is simplified into a half hub and a propeller blade for calculation. The computational domain is divided into inner and outer domains, and tetrahedral unstructured grids are used in [10] . The total number of inner domain grid cells is 673,050, while the total number of outer ones is 638,282. The rotational speed of the propeller is set at 6000 r/min. CFX software is used for numerical simulation, combined with ICEM. ICEM is used to divide the grid of the imported three-dimensional model and redefine the inlet/outlet interface, boundary interface, and dynamic/static level interface. CFX-Solver is used to solve the problem. Post-processing of the results is carried out in CFX-Post environment from [11] .
To accurately simulate the static performance of the propeller, the inlet axial velocity is set at 1m/s during calculation. At this point, the static performance of the propeller could be approximated, and the convergence rate of the example is fast. Therefore, the subsequent calculations are based on the inlet velocity boundary condition of 1m/s. Calculation results of the static performance of the isolated propeller are list in Tab.1. According to the streamlines of the isolated propeller, behind the propeller, the slipstream area is fully developed without the formation of stall cells. But at the propeller's tip, a high-intensity vortex is formed, losing a lot of slipstream momentum and compromising the overall efficiency of the propeller.
Calculating the static performance of the isolated propeller is mainly used to compare with the static performance of a propeller duct system, in order to verify the performance of the duct and to understand its impact on the propeller itself. The static performance of the isolated propeller calculated in this chapter show that the flow field is in good condition, with all parameters basically in line with the practical empirical value. Next, the matched duct will be designed, and the static performance of the propeller duct system and the isolated propeller is compared.
Designs and Analysis of Propeller Duct
Performance of Ducts with Different Profiles
According to the duct established for the tail rotor of helicopters, the expansion angle in the linear expansion section is 5 degrees. Due to the suction of the duct, there are incoming flows in various all directions at the duct nozzle, which cannot be roughly simplified as the airflow in a single direction [12] . For this reason, it is assumed that an airfoil with a large stalling angle of incidence can somewhat enhance the performance of the duct, and thus the N60 airfoil is tried in [13] . The study is intended to explore the influences of the shape of the duct's outer wall on its performance. However, due to the complex directions of the airflows passing through the duct, the mirrored N60 airfoil is used as the duct profile for modelling of the duct.
In summary, three different profiles are designed for duct as shown in Fig.4, i. e., the duct with a linearly expanding inner wall, the duct based on N60 airfoil, and the duct based on mirrored N60 airfoil. Parameters of three ducts are list in Tab.2. Calculated results of three designed ducts are compared in Tab.3 and the streamlines of three cases are plots in Fig.5 . For the propeller ducts with different profiles, the propeller's resistance and torque coefficients are barely influenced and remain almost unchanged, while the propeller's pull coefficient is greatly influenced. With other conditions unchanged, when the duct's inner wall is straightened with a small expansion angle, the propeller's pull coefficient is large. For the propeller ducts with different profiles, the duct's torque coefficient had been decreased and is negligible compared with that of the propeller. The duct's resistance coefficient is obviously changed. When the duct's outer surface is straightened, the greater the expansion angle of the duct's inner wall, and the greater the resistance will be coefficient. The duct's pull coefficient is obviously changed. When the airfoil with large lift-to-drag (L/D) ratio and large stalling angle of incidence is used as the duct's profile and the duct's inner wall is expanded, the duct's pull coefficient can be significantly improved. For the propeller ducts with different profiles, the propeller duct systems pull, resistance, and torque coefficients are not drastically changed, with a maximum magnitude of less than 10%. When the airfoil with large L/D ratio and large stalling angle of incidence is used as the duct's profile and the duct's inner wall is expanded, the propeller duct system's pull coefficient can be great, but its resistance coefficient will increase accordingly at the same time.
Performance of Ducts with Different Designed Angle of Incidence
With N60 used as the duct's profile, the angle of incidence is set at 0°, 2.5°, and 5°, respectively, and the duct's performance at various angles of incidence is calculated and analyzed. Simulation results are compared in Tab.4 and the streamlines of three cases are plots in Fig.6 . It can be concluded that, for the ducts designed with different angles of incidence, the propeller's resistance and torque coefficients remain basically unchanged, while its pull coefficient slowly increase as the angle of incidence increase, with a maximum magnitude of less than 3.6%. The duct's pull and resistance coefficients decrease as the angle of incidence increase. The ducted propeller system's pull and resistance coefficients decrease as the angle of incidence increase, with a maximum magnitude of less than 3.7%.
Performance of Ducts with Different Spacings between Propeller Tip and Duct's Inner Wall
With N60 used as the duct's profile, the spacing between the tip and the duct's inner wall is set to 0.014R, 0.1R, and 0.2R. The performance of the ducts at different spacings is calculated and analyzed. Simulation results are compared in Tab.5 and the streamlines of three cases are plots in Fig.7 .
By combining the calculated results and the streamlines, it can be concluded that, when the propeller tip spacing continue to increase, the effect of the duct itself continue to diminish. The pull, resistance, and torque coefficients are all gradually approaching 0, and the pull coefficient can even be negative. At this point, the duct is counter-productive in terms of aerodynamics, the working conditions of the propeller tend to be similar to those of an isolated propeller. 
Conclusions
In this paper, with the ducted propeller as the subject, the static performance of the isolated propeller system is first calculated as a comparative basis, and then the matching design of the duct is performed for the isolated propeller. Through extensive models and numerical calculations, the influences of the duct's profile shape, the angle of incidence in the duct's profile, and the spacing between the propeller tip and the duct's inner wall on the propeller duct are explored. With the pull, resistance, and torque coefficients as the performance parameters, the following conclusions are drawn through the analysis:
The pull of the propeller in a propeller duct system is smaller than that of an isolated propeller. The duct's wall produced an extra pull, making the overall pull of most propeller duct systems greater than that of an isolated propeller. The torque coefficient of the propeller duct is smaller than that of an isolated propeller, but the difference is insignificant. When the airfoil with a large L/D ratio is used as the duct's profile, and the duct's inner wall is set in the expansion type, the overall pull could be substantially increased with the other conditions unchanged. If the airfoil with a large L/D ratio is used as the duct's profile, and its designed angle of incidence is set at 0 degree, the ducted propeller system could have the largest pull coefficient. The spacing between the propeller tip and the duct's inner wall should not be too large; otherwise, the overall pull of a system would be smaller than that of an isolated propeller. At a spacing of 0.014R, the overall pull of a system is about 1.065 times larger than that of an isolated propeller. At a spacing of 0.1R, the overall pull of a system is about 0.756 times larger than that of an isolated propeller. R denotes the radius of the propeller. 
